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SUMMARY

A series of criticality calculations using consistent P1 egquations
governing the neutron slowing-down process establishes minimum welghts
for bare, homogeneous, thermal reactors. The reactors employ enriched
uranium dioxide as the fuel, tungsten enriched with isotope 184 as the
fuel-bearing and structural material, and the following moderators:
beryllium oxide, beryllium, 1ithium-7 hydride, and water.

Results for each moderator over a wide range of reactor cross-
sectional void area indicate that water and lithium-7 hydride moderated
reactors are the lightest with beryllium oxide moderated reactors the
heaviest. For a void area of 1 square foot, a volume ratio of uranium
dioxide to uranium dioxide plus tungsten of 0.30, and 800 pounds of tung-
sten 184 per square foot of void area, the following reactor weights were
obtained: 4400 pounds with a beryllium oxide moderator, 2600 pounds with
a beryllium moderator, and 1100 pounds with either a lithium-7 hydride or
a water moderator. The increases in minimum reactor weight per sguare
foot of void area for the above conditions are approximately: 1700
pounds for beryllium oxide moderators, 1400 pounds for beryllium moder-
ators, and 1000 pounds for either 1ithium-7 hydride or water moderators.
Additional results are presented for bare cores using 600 and 1000 pounds
of tungsten 184 per square foot of void area.

For reactors moderated with water, variations in the fuel concentra-
tion and in the tungsten 184 enrichment indicated that concentrations be-
tween 0.15 and 0.20 were most suitable for a range of void area from 0.2
to 4 square feet and that reducing the ftungsten 184 enrichment from 100
to 78 percent resulted in reactor weight increases of 10 to 27 percent
for void areas ranging from 3.5 to 0.5 sgquare foot, respectively.



INTRODUCTION

Studies to determine the potential of nuclear rockets for space mis-
sions require the analysis of many reactor concepts. These studies re-
quire parametric data on reactor welight and size over a wide range of
conditions to determine the best operating conditions for any particular
space mission.

The purpose of this report is to determine minimum reactor weights
Por various bare, homogeneous, thermal reactors with high-temperature
capabilities having possible nuclear application for a range of reactor
flow areas up to 10 square feet. If acceptable values of reactor-exit
temperature, exit Mach number, exit- and core-pressure drop are used to
determine the mass velocity (i.e., the weight flow per unit flow area),
reactor power is a function either of reactor flow area or void area; it
is used as a function of the latter in this report. The reactor weights
are, therefore, shown as functions of the reactor cross~sectional void
area.

The present study is restricted to thermal reactors employing

beryllium oxide (Be0O), beryllium (Be), lithium-7 hydride (Li7H), and
water (H-0) as moderators with uranium dioxide (UOZ) as the fuel and

tungsten (W) enriched with tungsten 184 (W184) as the fuel-bearing and
structural material. Tungsten was selected because of its high-
temperature capability (m.p. of approx. 3410° C) and its compatibility

with hydrogen (H,) and UO,. The weights, sizes, and uranium 235 U235)
a 2 p)

investments of bare-core reactors were determined as functions of void
area for the various moderator materials, and from these data minimum-
reactor-welght curves were obtained. The various moderator materials
were then compared on the basis of minimum reactor weight for a range of
vold cross-sectional area.

In addition to void area, the weight of tungsten per square foot of
vold area in the reactor is a parameter in the study. For the H50 moder-

ated cores, both the enrichment with WiS4 and the amount of uranium rela-
tive to tungsten are also varied. The corresponding effects on minimum
reactor weights were determined.

SYMBOLS
AV reactor cross-sectional void area, sq ft
a inelastic scattering parameter
Bé geometric buckling

8]



Kers

HL,

Ho

material buckling, lethargy dependent
core diameter, ft

neutron energy, ev

t+praction of source neutrons in lethargy interval du about
core height, It

inelastic scattering spectrum

neutron current, lethargy dependent
static criticality factor

Boltzmann's constant

anisotropic slowing-down density
isotropic slowing-down density

ratio of moderator to fuel atoms
reactor radius, It

neutron source due to fissions
moderator temperature

neutron lethargy

volume of uranium dioxide in reactor
volume of uranium dioxide plus tungsten in reactor
reactor weight, 1b

weight of tungsten, 1b

void fraction of reactor frontal area

quantity related to mean squared lethargy by Z2&y = (u - u')2

cosine of angle between initial and final directions of motion,
in laboratory system, of a neutron undergoing elastic scat-

tering collision

average cosine, in laboratory coordinates, for elastically
scattered neutrons



My mean product of lethargy increase in collision times angle of scat-
tering

v average number of neutrons produced per fissicn

gl average increase in lethargy per collision

p related to product of squared lethargy increase per collision times
angle of scattering

ZA macroscopic-neutron-absorption cross section, cm

ZES macroscoplc~-neutron-elastic scattering cross section, cm

ip macroscopic-neutron-fission cross section, em

ZIN macroscopic-neutron-inelastic~-scattering cross section, cm
Zp macroscopic-neutron-total cross section, cm

¢ neutron flux

Subscript:
min minimum
Superscript:

! initial value, highest energy or lethargy in group

PROCEDURE AWD ANALYSIS

The present study is restricted to thermal reactors in order to ob-
tain reasonable uranium investments. The following materials were con-

sidered as moderators: BeO, Be, Li7H, and Hz0. Tungsten was selected

as the fuel-bearing and structural material because of its high-
temperature capability (m.p. of approx. 3410° C) and compatibility with
U0p (ref. 1) and Hp. Because of the large neutron resonance integral

for tungsten (approx. 350 barns, calculated from resonance data in ref.
2), the isotopic separation and the use of isotopic mixtures containing

principally Wwit4 with a low resonance capture integral (ref. 3) are de-
sirable to obtain small thermal reactors. Separation of natural tungsten

to produce isotopic mixbtures with high percentages of Wlaé, and thus re-
duce resonance absorption, is feasible (ref. 4). In most of the study,

the tungsten is assumed to be 100 percent W184; deviations from this
value are indicated by specifying the percent of w84 in the mixture.



The weights of tungsten per square foot of cross-sectional void area
WW/Av selected were 600, 800, and 1000 pounds; this range is based on

estimated heat-transter suriace area and tungsten-thickness requirements.
Reactor weights with the various moderators are compared at each of the
aforementioned values of tungsten content.

Uranium dioxide, 93 percent enriched with U255, was selected as the
fuel. For most of the study, VUOZ/V(U02+W) was assumed constant at 0.30.

Lower values of this parameter were used in the parametric study on H-0

moderated reactors to show the effect on reactor weight and uranium in-
vestment.

The reactor void area (i.e., the flow area plus the moderator-
cooling area) was varied over a wide range for each moderator material
by a change in the reactor void fraction «, which is the ratio of veoid
cross-sectional ares to total frontal area of the core. It should be
noted that void area is a measure of reactor power or thrust for a given
set of values of pressure, temperature, and Mach number flow conditions
at the exit of the reactor. For a given mission the initial stage welight,
propellant flow rate, and specific impulse define the propellant weight
and tankage requirements. Powerplant component weights, which are either
direct or indirect functions of reactor size, flow area, and flow condi-
tions, permit allowable determination of payload. Thus reactor vold area
is a key criterion of reactor weight and is used as the basis for reactor-
weight comparisons. The values of void fraction herein range from 0.10
to 0.80; a change in a also produces a change in R, the ratio of mod-
erator to fuel atoms.

The reactor criticality calculations were based on the materials
being homogeneously mixed with void, and a spherical gecmetry with no
reflectors was assumed. The program used in the study was written at
the NASA Lewis Research Center for an IBM 704 with 8000-core storage.

The basic equations for the diffusion analysis are described in the para-
graphs that follow; a more detalled description can be found in refer-
ence 5.

The microscopic cross sections used in the program were obtained
from references 2 and 6 to 9. Eguations (1) and (2) represent the basic
lethargy-dependent equations of the consistent Pl approximations to the
Bolbzmann transport equations for slowing-down neutrons:

B ()3(u) + [24(u) + Zpy(u)]o(u) + 23wl

v}

- £u) J/~ auw'v(u' )zp(ut)e(u') + J/~du'ZIN(u')®(u’)h(u' - u) (1)
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) % By(u)e(u) + [ZT(U) - “o(u)ZEs(uJ]J(u) + diuu) =0 (2)

In addition to equations (1) and (2), two coupling equations are
needed to supply coupling between ®(u) and @Q(u) (eq. (3)) ana J(u)
and P(u) (eq. (4)):

v(u) 2) 4 qtu) = ¢, (w)zgglu)e(u) (3)
p(a) ) + p(u) = 1y ()zgg(w)au) (4)

Some of the terms in equations (3) and (4) are defined by the following:
_ T - - T _ .2

E1 = ¢, 2§lY = EQ, My = tuL(t), and Zulp =1 pL(t)

where t 1is set equal to u - u'. The problem is defined when the

o(u), Q(u), a source function S(u), and an inelastic scattering spectrum

h(u' - u) are specified.

When the energy spectrum is started (i.e., u = 0) above the source
spectrum, then ¢(0) =0 and Q(0) = 0. The source spectrum used for

the calculations in this report was a yaso fission spectrum, given as
S(u) = 0.45324 E[:exp (- 5—%@)}@11 V2.29 E (5)

where E 1is the neutron energy in millions of electron volts. If the
source function is normalized so that the integral of the source

o
“/(‘ S(u)du is equal to 1, the static criticality factor K.y becomes
o)

Kepr = Jgﬂ v(u)ZF(u)¢(u)du (6)

In this equation v(u) is the number of neutrons produced per fission
and ZF(u) the macroscopic neutron fission cross section.

Using the evaporation model discussed in reference 10 results in
the spectrum of the inelastically scattered neutrons in terms of energy:

h(E' - E) ~ const Ee-E/kT (7)



where l/kT can be represented as a/E' and a 1is a parameter vary-
ing with mass number.

Equations (1) to (7) and microscopic cross sections tabulated at
473 energies from 10 million electron volts to 0.025 electron volt were
used to determine the static criticality factor of 1 by adjusting values
2
g

With the critical geometric buckling known, various lengths were
applied for cylindrical reactors, and the diameter was determined from
the geometric buckling for cylinders:

- (52 (%) )

The densities for all materials used are given in table I; no void
was assumed. For the calculations in which the isotopic W184 concentra-
tion is varied, the density used was that of natural tungsten listed in
the table.

of geometric buckling B

In the aforementioned variation in wit4 concentration, the values
of the isotopic abundances in mixtures were obtained from reference 4,
and the abundances used are in table II. Natural tungsten is listed for
the purpose of comparison. The mixtures are referred to in this report

by the wlB4 concentration expressed as a percentage of the total mixture.

RESULTS AND DISCUSSION

As described in the section PROCEDURE AND ANALYSIS, critical sizes,
reactor weights, and uranium investments of bare, homogeneous, thermal
reactors were determined for a range of reactor cross-sectional void area.

The study considered the following neutron moderators: BeO, Be, Li7H,
and HoO. The fuel used was UOp, fully enriched (95 percent) in UZBS.

Because of the basis used for comparing the reactor weights (viz., a pre-
scribed amount of tungsten and fuel per unit void area) the use of bare
reactors would give a close approximation to the minimum weights. This
is true only when the weight of the moderator is a small portion of the
total weight and/or the reflecting material is approximately the same
weight per unit volume as the moderator 1t would replace. Of the moder-
ators selected, therefore, only the weight of the BeO reactor might be
reduced a significant amount by the addition of a comparable reflector

of lower density such as Be.



For selected values of tungsten and U0 content, reactor weights

were plotted as functions of void area and minimum-reactor-weight curves
obtainced. The tungsten content of the reactor per square foot of void
area was chosen to be €00, 800, and 1000 pounds. These values are repre-
sentative of the tungsten content required for reascnable reactor designs.
For the comparison of moderators the ratio VUOZ/V(U02+W) was held con-

stant at 0.30. This corresponded to UOo content in pounds per square foot

of void area of 133, 178, and 222, respectively, at the aforementioned
values of tungsten content.

Insofar as the volume percentages of the tungsten and uranium are
Tfunctions of the cross-sectional void area, they will change for various
values of a. Therefore, for a decrease in void area the welghts of tung-
sten and uranium decrease in a manner not proportional to volume and re-
sult in an increase in moderator- to uranium-atom ratic R. This leads
to the result that minimum reactor volume will not coincide with minimum
reactor weight for a given «.

In addition to the comparison of moderators on the basis of minimum

reactor weight, the effects of wi8% enrichment and uranium concentration
on reactor weight were examined for the H50 moderated reactors.

Beryllium Oxide

The weights and dimensions of the bare, homogeneous BeO moderated
reactors as functions of reactor cross-sectional void area A, and void
fraction « are shown in figure 1. Figures 1(a), (c¢), and (e) indicate
the reactor weight, and Tigures l(b), (d), and (f) present the corre-
sponding reactor dimensions, diameter D. and height Ha.

In figure 1(a) the void fraction was increased from 0.10 to 0.40 to
produce the desired range of reactor void area. An increase in void area
at constant o increases the reactor diameter (fig. l(b)), increases
the reactor tungsten content Tor constant WW/AV, and thereby increases

the uranium content for constant VUOE/V(UOZ+W)' The net effect of this

change is a decrease in the height of a critical reactor (fig. l(b)).
This decrease in height is primarily to compensate for the decrease in
neutron leakage when the diameter is increased. The net effect is an
increase in reactor weight (fig. 1(a)) with an increase in void area.

If each of the constant—: curves in figure l(a) were extended to
lower vold areas, a point of minimum reactor weight for constant a would
result; such is the case for o = 0.10. Minimum reactor welight for any



given flow area is of more merit; this quantity is given by the envelope
curve (solid line, fig. 1(a)) tangent to the curves of constant a. Thus
at any point, or flow area, on the minimum-welght-reactor curve (solid),
an a-value can be found that yields a constant-a curve tangent at that
point. No other o would yield a lighter reactor at that particular
vold area.

The minimum-reactor-weight (Wr) . curves become essentially linear
min

at the higher void areas. This is not surprising, since the welghts of
tungsten and uranium, which constitute the major portion of reactor
weight, are both proportional to vold area. In figure l(c) the slope for

the (W,) curve indicates an average increase in (W) above 2
T min T min’

square feet of void area, of about 1700 pounds per square foot. Further-
more, a comparison of the (Wr) . curves in figures 1(a), (c), and (e)
min
shows an increase in (Wr) . of 25 to 30 percent for an increase in
min
WW/AV from 600 to 1000 pounds per square foot for the entire void-area

range.

Beryllium Moderated Reactors

The weights and sizes of bare, homogeneous Be moderated reactors
are plotted in figure 2 in an identical manner to that for the BeO re-
actors of figure 1. The curve characteristics for the Be moderated re-
actors are similar to those shown for BeO, and the same explanations
apply. The minimum reactor weights are considerably lighter than for BeO
over the void-area range; this is evident in the section Comparison of
Moderators on Basis of Minimum Reactor Weight. The void fractions re-
gquired for a given void area are essentially the same for Be and BeO, as
are the reactor heights and diameters. Hence, the sizeable reduction in
reactor weights can be attributed directly to the lower material density
of Be, rather than to a change in moderator volume. The slope of the
(wr)min curve (fig. 2(c)) shows an increase in (wr)min of about 1400

pounds per square foot of void area. An increase in WW/Av from 600 to

1000 pounds per square foot results in an increase in (Wr) . of 40 to
50 percent, a greater increase than for BeO. min

Lithium~7 Hydride Moderated Reactors

The results for the Li’H moderated reactors, using the same values
of Ww/Av and VUOZ/V(U02+W) as before, are shown in figure 3. BSince

the better moderating characteristics of Li7H provide smaller reactors,



the void fractions must be increased to obtain a given void area. In
figures 3(a), (c¢), and (e) extending the void fraction to 0.60 provided
flow areas up to { or 8 square feet as compared to 14 or 16 square feet
with a void fraction of 0.40 in Be and BeO.

The minimum-weight Li'd reactors are considerably lighter than the
Be reactors over a common void-area range. For a given flow area, the
reactor diameter and length are smaller and the void fraction is larger,

and thus the moderator volume is much smaller. The density of Li7H is

7

considerably lower than that of Be, which further reduces the Li'H re-

actor weights.

In addition to the Li7H other hydrides such as zirconium hydride,
were considered. Their hydrogen-atom densities were not as high as that

of Li7H and resulted in larger, heavier reactors. Some of the prelimi-
nary calculations placed the reactor weights in the range of the Be mod-
erated results.

The slope of the (Wr) . curve in figure 3(c) shows an increase in
min

(wr)min cf about 1000 pounds per square foot of void area at a WW/AV

of 800 pounds per square foot. An increase in WW/AV from 600 to 1000
pounds per sguare foot results in an increase in (wr)min of about 55 to
65 percent. A comparison of these increments indicates that the weight
of the Li'H moderator is the smallest portion of the total weight of the
reactor.

Water Moderated Reactors

Since the percentages of hydrogen in water and in Li'H are practi-
cally the same and the densities of the two compounds are also similar,
the reactor weights for these two materials would be expected to be ap-
proximately equal. On this basis, several calculations were made with

the same conditions as those used for the Li7H moderated reactors. The
calculations verified the fact that the reactor-weight curves as functions
of void area were about the same. In the following section several of

these points appear on the Li7H curves to illustrate this point.

Comparison of Moderators on Minimum-Reactor-Weight Basis

The various moderators, BeO, Be, Li7H, and Ho0, are compared in fig-
ure 4(a) on the basis of the rrevious minimum-reactor-weight curves for
values of WW/AV and VUoz/V(UOZ+W) of’ 600 pounds per square foot and

0.30, respectively. The long-dashed line indicates extrapolation.
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As indicated hy figure 4(a) and in previous discussion the results
for a given void area are as Tollows: (1) the BeO moderated reactors are
the heaviest; (2) the Be moderated reactors are considerably lighter than
BeO moderated reactors because of the lower moderator material density
(no appreciable change in moderator volume); (3) the Li7H and H,0 reactors

are much lighter than the Be reactors because of reductions in both moder-
ator volums (small reactors with larger void fractions) and moderator
material dersity.

The rate of change of minimum reactor weight with flow area is given
by the slopes of the curves of Tigure 4, which are also listed in the
following table:

Moderator Ratio of tungsten weight to
vold area, WW/AV, lb/sq 't

©00 800 1000

Slopes of (W,.) 1b/sq ft

min
Water 300 1000 1250
Lithiuwm-7 hydride 800 1000 1600
Beryllium 1100 1400 1600
Beryllium oxide 1500 1700 185
Figure 4(a) indicates increases In (wr) of about 1500 pounds per

min
square foot of void area for BeO reactors, 1100 pounds per square foot
for Be moderated reactors, and 800 pounds per square foot for Li'H and
HoO reactors. The corresponding UOz investments increased by 178 pounds

per square foot of void area in each case for the values of WW/AV and
VUOZ/V(U02+W) used in figure 4(a).

Figure 4(b) shows a similar comparison of (W,) for the various

min
moderators at a WW/AV of 800 pounds per square foot. The slopes indi-
cate an increase In (Wr) . above 2 square feet of void area of about
min

1700 pounds per square foot of void area for BeO, 1400 pounds per square
foot for Be, and 1000 pounds per square foot for Li'H and Ho0 reactors.
For a WW/AV of 1000 pounds per sguare Toot figure 4(c) shows an in-
crease in (Wr)min of approximately 1850 pounds per square foot for BeO,

1600 pounds per square foot for Be, and 1250 pounds per square foot for
Li7H and HZO moderated reactors.
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For 1 square foot of reactor void area, which is approximately the
requirement for a 1000-megawatt nuclear-rocket reactor, the minimum re-
actor weights are from figure 4(b) are 4400 pounds for BeO, 2600 pounds

for Be, and 1100 pounds for Li’H and H,0 moderators.

Parametric Study with Water Moderated Reactors

The use of water and Li'H resulted in lightweight reactors. Water
was selected for the parametric study because it seems to have certain
design advantages over Li7H. In particular, the poor thermal and physical
properties of Li’d (ref. ll) indicate major problem areas in the use of
this material as a moderator. For this parametric study the value of
WW/Av was held constant at 800 pounds per square foot. A criticality

factor of 1.05 was used instead of a factor of 1 to give a more realistic
weight. Any reactor would need a specified amount of excess reactivity
to allow for such items as negative temperature coefficients, overriding
xenon, and burnup. Values of VUOZ/V(U02+W) ranging from 0.30 to 0.10

were used, and the W84 concentration was varied parametrically. Since
tungsten fully enriched with WlS4 would be difficult to obtain, more
readily obtained enrichments, 78 and 58 percent, were assumed. Table II

gives the tungsten composition for these enrichments. IFrom the Li’H re-
sults a reactor height of 2 feet consistently resulted in minimum- or
near-minimmm-weight reactors; therefore, a length of 2 feet waz used for
the results shown in figure 5.

The effect of tungsten enrichment and void area on the weight of
bare, homogeneous Ho0 moderated reactors is shown in figure 5(a). The

corresponding diameters and uranium investments are shown in figure 5(b).

The reactor weight increases (fig. 5(a)) with decreases in wib4 per-
centage. The weight increase at 1 square foot of void area, compared to

100 percent W184, is about 18 and 36 percent for 78 and 58 percent W184,
respectively. The weight penalty is less at the larger void areas. TFor
nonhydrogeneous moderators, the weight penalties would be greater because
more collisions are needed to slow down neutrons through the resonance-
absorption range.

The effect of VUOB/V(U02+W) on reactor weight iIs shown in figure

6(a). The corresponding reactor diameters and uranium investments are

shown in figure 6(b). A tungsten enrichment of 78-percent wis4 was as-
sumed, and the value of VUOZ/V(U02+W) was varied from 0.10 to 0.30.

For a constant VUOZ/V(U02+W) of 0.10 in figure 6(a) void areas be-

low approximately 1.5 square feet are unobtainable because of the



increased neutron absorption by the water and the reduced amount of U0z

due to the reduction in void area. The attempt to reduce the void area,
therefore, results in a larger reactor (fig. 6(b)) to offset the increased
absorption by a decrease in neutron leskage. For a given void area an
increase in VUOZ/V(U02+W) would be expected to decrease reactor size

(fig. 6(b)) and thus reactor weight; this does occur (fig. 6(a)) for val-
ues of VUOZ/V(U02+W) up to 0.20. TFor a VUOZ/V(U02+W) of 0.30 the in-

crease in uranium weight more than offsets the decrease in moderator
weight with reactor size and causes an increase in reactor weight. This
reversal is particularly evident at the larger void areas. It is evident
from uranium investment (fig. 6(b)) and the curves of reactor weight (fig.
6(a)) that, for void areas larger than 1.5 square feet, a saving in fuel
investment can be made by use of low values of VUOB/V(U02+W) (i.e., 0.10

to 0.15) without imposing a penalty in reactor weight.

At void areas below 1.5 square feet, values of VUOZ/V(U02+W) in

the low range (viz., < 0.10) thus give large increases in reactor weight;
above 1.5 square feet, values of VUOZ/V(U02+W) in the high range result

in high uranium investments. A value of 0.15 to 0.20 appears most sulit-

able to the entire void-area range studied, with a value of 0.10 possible
for large void areas if the slight increase in reactor weight is permis-

sible.

SUMMARY OF RESULTS

Weights, sizes, and uranium investments of bare, homogeneous, thermal
reactors were determined for a range of reactor void areas. The study
considered some of the best moderator materials, beryllium oxide, beryl-
lium, lithium-7 hydride, and water; a fuel-bearing and structural material
of high-temperature capability, tungsten highly enriched with tungsten
184; and a highly refractory fuel material, uranium dioxide.

With these materials, criticality calculations for selected values
of tungsten and uranium dioxide content as well as a range of void frac-
tions yielded a family of curves of reactor weight as a function of void
area for each moderator. An envelope curve, tangent to the curves for
constant void fraction, defined the locus of points of minimum reactor
weight plotted against void area for each moderator. A comparison of
these minimum~reactor-weight curves for the various moderators, as well
as a closer study of the effects of tungsten 184 enrichment and the vol-
ume ratio of uranium dioxide to uranium dioxide plus tungsten for the
water moderated reactors, led to the following results:

1. For 1 square foot of void area (approximately the requirement for

a 1000-megawatt nuclear-rocket reactor), a uranium dioxide to uranium di-
oxide plus tungsten volume ratio of 0.30, 100-percent tungsten 184

13



enrichment, and 800 pounds of tungsten per square foot of void area, the
bare-reactor minimum weights for the various moderators are: 4400 pounds
with a beryllium oxide moderator, 2600 pounds with a beryllium moderator,
and 1100 pounds wlth either a lithium-7 hydride or a water moderator.

2. Comparing the minimum-weight reactors over a range of void areas
for 600 pounds of tungsten per square foot of void area with 100 percent
tungsten 184 and a volume ratic of uranium dioxide to uranium dioxide
rlus tungsten of 0.30 results in the following: the reactor welght with
a beryllium oxide moderator increases approximately 1500 pounds per square
foot of void area, the weight with a beryllium moderator increases ap-
proximately 1100 pounds per square foot of void area, and the weight with
gither a lithium hydride or a water moderator increases approximately 800
pounds per square foot of veid area.

5. When the amount of tungsten is increased from 600 to 1000 pounds
per square foot of void area, the following increases in minimum reactor
welights occur: the weight of beryllium oxide moderated reactors increases
approximately 25 to 30 percent, the weight of beryllium moderated reactors
increases approximately 40 to 50 percent, and the weight of both lithium-7
hydride and water moderated reactors increases 55 to 65 percent.

4. For the water moderated reactors with a uranium dioxide to uran-
lun dioxide plus tungsten volume ratio of 0.15 and a criticality factor
ol 1.05, the tungsten enrichment with the tungsten 184 isotope was varied
from 100 percent tungsten 184 to 58 percent tungsten 184. At 1 sguare
foot of void area the minimum reactor weight increased approximately 18
and 3¢ percent when the tungsten 184 enrichment was decreased from 100
to 78 percent and from 100 to 58 percent, respectively. For larger void
areas this weight penalty is reduced.

<. For the water moderated reactors uranium dioxide to uranium 4i-
oxide plus tungsten the volume ratio was varied from 0.30 to 0.10. At
void areas below 1.5 square feet, values of the volume ratio of uranium
dioxide to uranium dioxide plus tungsten between 0.10 and 0.15 may result
in large increases in reactor weight. Above 1.5 square feet, the higher
values of the volume ratio of uranium dioxide to uranium dioxide plus
tungsten result in increased uranium investments. A value of the uranium
dloxide to uranium dioxide plus tungsten volume ratio of 0.15 to 0.20
appeared most suitable for the void range studied, with a value of 0.10
possible for higher wvoid areas.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohlo, June 21, 1962
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TABIE I.

- MATERTAL DENSITIES

Material Atomic or molecular
density
Beryllium 0.1236x1024

Beryllium oxide

Water

Lithium-7 hydride

Tungsten

Uranium dioxide

.0728

L0335

.0621

.0632

.0223

TABLE II. - ISOTOPIC MIXTURES FOR ENRICHED

TUNGSTEN 184
Isotope Tungsten-184, percent | Natural
tungsten
100 78 58
Tungsten 182 0 3.4 | 13.¢ 28.4
Tungsten 183 0 17.1 27.6 14.4
Tungsten 184 | 100 | 78.4 | 57.9 30.6
Tungsten 186 0 1.1 .6 28.4
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Figure 1. - Continued. Weights and dimensions of bare, homogeneous beryllium oxide moderated re-
stional area and void fraction. Volume ratio of uranium
'n, 0.30; enrichments: tungsten 184, 100 percent, and

1ity factor, 1.
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(e} Minimum-reactor-weight curves. Weight of tungsten per square foot of cross-
sectional void area, 1000 pounds.

Figure 1. - Continued. Weights and dimensions of bare, homogeneous beryllium oxide
moderated reactors as functions of reactor cross-sectional area and void fraction.
Volume ratio of uranium dioxide to uranium dioxide plus tungsten, 0.30; enrichments:
tungsten 184, 100 percent, and uranium 235, 93 percent; static criticality uranium
dioxide factor, 1.
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Figure 3. - Continued. Welghts and dimensions of bare, homogesneocus
lithium-7 hydride moderated reactors as functions of reactor cross-
sectional area and void fraction. Volume ratio of uranium dioxide to
uranium dioxide plus tungsten, 0.30; enrlichments: tungsten 184, 100
percent, and uranium 235, 93 percent; static criticality factor, 1.
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Figure 3. - Continued. Weights and dimensions of bare, homo-
geneous lithium-7 hydride moderated reactors as functions of
reactor cross-sectional area and void fraction. Volume
ratic of uranium dioxide to uranium diocxide plus tungsten,
0.30; enrichments: tungsten 184, 100 percent, and uranium
235, 93 percent; static criticality factor, 1.
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Figure 4. - Minimum-reactor-weight envelope curves for bare, homogeneous reactors

with various moderators. Volume ratio of uranium dioxide to uranium dioxide plus
tungsten, 0.30; enrichments: tungsten 184, 100 percent, and uranium 235, 83 percent;

static criticality factor, 1.
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Figure 4. - Continued. Minimum-reactor-weight envelope curves for bare,
homogeneous reactors with various moderators. Volume ratio of uranium
dioxide to uranium dioxide plus tungsten, 0.30; enrichments: tungsten 184,
100 percent, and uranium 238, 93 percent; static criticality factor, 1.
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Figure 4. - Concluded. Minimum-reactor-weight envelope curves for bare,
nomogeneous reactors with various moderators. Volume ratio of uranium
dloxide to uranium dioxide plus tungsten, 0.30; enrichments: tungsten 184,
100 percent, and uranium 235, 93 percent; static criticality factor, 1.
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(b) Reactor diameters and uranium dioxide
investments.

Figure 5. - Concluded. Effect of tungsten 184
enrichment con bare, hcmogeneous water moderated
reactor. Volume ratio of uranium dioxide to
uranium dioxide plus tungsten, 0.15; weight of
tungsten per square foot of cross-sectional void
area, 800 pounds; reactor helght, 2z feet.
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(a) Minimum reactor weight.
Figure 6. - Effect of volume ratio of uranium

dioxide to uranium dioxide plus tungsten on
bare, homogeneous water moderated reactor.
Enrichments: tungsten 184, 78 percent, and
uranium 235, 93 percent; weight of tungsten
per square foot of cross-sectional void ares,
800 pounds; static criticality factor, 1.05.
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(b) Reactor dimensions and uranium dioxide
investment.
Figure 6. - Concluded. Eif'fect of volume ratio of

uranium dicxide to uraniuwm dioxide plus tungsten
on bare, homogeneous water moderated reactor.
Enrichments: tungsten 184, 78 percent, and
uranium 235, 93 percent; welght of tungsten per
square foot of cross-sectional void are, 800
pounds; static criticality factor, 1.05.
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